Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information The purpose of this research is to understand how mutations in both ELANE and HAX1 lead to neutropenia, in order to gain further understanding into normal homeostatic regulation of granulopoiesis and how it is disrupted in a variety of bone marrow failure syndromes. Based on identification of a new class of mutations in ELANE that disrupt the translational start site and recent findings that HAX1 may be an RNA-binding protein, we originally hypothesized, and have now shown in patient-derived induced pluripotent stem cells (iPSC), that ELANE can encode amino-terminally truncated polypeptides initiating from internal translational start sites. In scope, we have proposed a series of experiments to be performed in cell culture systems to identify RNA sequences bound by HAX1, to determine if ELANE mutations influence HAX1 binding to ELANE mRNA and influence use of alternate translational start sites, and to biochemically characterize amino-terminally truncated neutrophil elastase. In the year since our last report, significant progress has been made in using new tools to model granulopoiesis, including generation of patient-derived iPSC and CRISPR-Cas9 genome-editing technology to introduce site specific repair or mutation into the ELANE locus, allowing for more relevant modeling of ELANE and HAX1 interactions in vitro. 
INTRODUCTION
The overall goal of this project has been to determine how mutation of ELANE, encoding a neutrophil granule serine protease (neutrophil elastase), as well as a second gene, HAX1, produce inherited forms of neutropenia. We specifically focused on a recently described cluster of mutations occurring in the translational start site of ELANE, which would be predicted to disrupt expression of the protein and were incompatible with previous hypotheses relating to either mislocalization or misfolding of an expressed protein. We found that translational start site mutations force expression of neutrophil elastase from internal translation codons that bypass amino terminal processing steps required for appropriate localization and timing of zymogen activation. Over the course of this project, advances in iPSC generation and gene-editing technology have been adapted to study the pathogenesis of ELANE-related human neutropenia. promyelocyte survival and differentiation. Together, these data suggest that SCN disease pathogenesis includes NE mislocalization, which in turn triggers dysfunctional survival signaling and UPR/ER stress. This paradigm has the potential to be clinically exploited to achieve therapeutic responses using lower doses of G-CSF combined with targeting to correct NE mislocalization.
KEY WORDS

Task 1. Perform "RIP-Seq" next-generation DNA sequencing of transcripts coimmunoprecipitating with HAX11
The goals of this task were to identify a consensus RNA sequence or structure for HAX1 binding, determine if there is a set of genes coordinately regulated at the posttranscriptional level by HAX1, and identify potential new candidate genes for genetically unexplained cases of neutropenia. In order to identify mRNAs bound by HAX1, we immunoprecipitated HAX1 from cell lysates and performed next-generation DNA sequence analysis of co-immunoprecipitating RNA species.
We developed a protocol for the co-immunoprecipitation of HAX1-bound mRNA and sequenced resulting products on the SOLiD platform. We obtained short fragments for several genes, as described in the year 1 progress report. As described in the Year 2 progress report, from the limited set of fragments recovered, it was not possible to derive a consensus primary or tertiary sequence. We evaluated approximately 20 probands from unexplained likely hereditary neutropenia cases, but did not identify potentially pathogenic variants in any of the genes showing possible HAX1 binding. Although we had planned to repeat these experiments in year 3, repeat immunoprecipitation proved unsuccessful, not producing RNA products suitable for sequencing, suggesting that HAX1 binding to mRNA may be artifactual
1a. Co-immunoprecipitate HAX1-mRNA complexes from HL60 cells (months 1-24).
The first year progress report describes successful completion of a RIP-Seq HAX1-mRNA co-immunoprecipitation protocol.
1b. Perform SOLiD sequencing of immunoprecipitated mRNA (months 1-6).
As previously noted in progress reports for years 1 and 2, we recovered fragments of the following genes: EPHB2, ASTN1, CASP9, and FAF1.
1c. Preliminary biocomputational analysis of sequence data, including mapping to reference genome (months 7-10).
Of the recovered genes, EPHB2 was the most promising candidate, as it was enriched 16-fold in the immunoprecipitated fraction and because its expression is increased in neutropenic Gfi-1-deficient mice.
1d. Gene ontogeny and pathway characterization of identified mRNA species (months 11-13).
There were an insufficient number of genes to perform a gene ontogeny or similar pathway characterization.
1e. Consensus binding site determination (months 14-16).
No consensus binding site could be determined from the limited samples obtained upon sequencing.
1f. Troubleshoot sequencing failures, allow time for repetition and alternate approaches (months 17-24).
Unfortunately, the experiment was not reproducible, in that subsequent rounds of coimmunoprecipitation failed to yield significant recovery of co-precipitated mRNA compared to IgG controls. Overall, these experiments failed to confirm our hypothesis that HAX1 proteins binds ELANE or other mRNA sequences.
Task 2. Determine if ELANE mutations, particularly synonymous ELANE mutations, affect HAX1 binding and influence cryptic start site utilization.
Overall, we showed that several pathogenic ELANE mutations occurring at the translational start site or at sites of a predicted internal ribosome re-entry site (IRES) influence utilization of downstream ELANE ATG codons, resulting in amino-terminally truncated neutrophil elastase polypeptides that have the potential to bypass signal sequences directing subcellular routing and normal zymogen activation steps. We proposed that these "cryptic" polypeptides are therefore immediately catalytically active upon synthesis and are not properly contained within neutrophil granules and therefore have untoward effects on developing neutrophils. These results were published in Tidwell et 
2a. Prepare cDNA expression constructs for various mutations and express in RBL cells (months 1-36).
cDNA constructs for use in RBL expression assays were prepared as described in the Materials and Methods section of Tidwell et al. 2014 .
2b. Prepare cDNA constructs for use in yeast 3-hybrid assay (months 1-6).
We prepared cDNA constructs for use in yeast 3-hybrid assays, as described in the progress report for year 1.
2c. Western blots to assay for internal start site utilization in transfected RBL cells (months 6-12).
Western blots confirm internal start site utilization in the presence of canonical ELANE translational start site mutations ( 
2d. Prepare vectors containing mutations for IRES test assay (months 3-9).
Vectors for IRES test assay were prepared as described in the Materials and Methods section of Tidwell et al. 2014 .
2e. Develop IRES test assay in HeLa cells (months 9-12).
We developed an IRES test assay system and showed that neutropenic mutations contained within the predicted IRES or nearby disrupted translation initiating from internal ATG codons using a combination of Luciferase assays (Fig. 3 of Tidwell et al. 2014 ) and confirmatory western blots (Fig. S4 of Tidwell et al. 2014 ).
2f. Perform yeast 3-hybrid assays with mutant constructs (months 15-36).
Yeast 3-hybrid assays failed to reproducibly demonstrate interactions between ELANE mRNA and HAX1 protein. Taken together with the co-immunoprecipitation experiments which similarly failed to recover ELANE mRNA fragment, we now question whether HAX1 protein directly associates with ELANE mRNA. The experimental hypothesis concerning how some ELANE mutations may affect translation of ELANE mRNA, as we originally proposed, via disruption of interactions with the ribosome at sites of canonical translation initiation or IRES sequences appears largely supported by our experimental findings. However, we were unsuccessful in our endeavors to show that HAX1 mutations function through a unified mechanism and we consider that portion of our original hypothesis to be largely unsupported by the subsequent experiments we performed here.
2g. Develop HAX1 RNAi assay in HL60 cells (months 20-36).
An initial attempt to deplete HAX1 RNA using RNA interference in HL60 cells was unsuccessful. Given a lack of supporting results from Tasks 1 and 2f, and unexpected advanced in iPSC and genome-editing technology that resulted in a revised SOW with new experiments to perform, we deprioritized this task as we felt it would not contribute significantly to progress toward overall understanding of the pathogenesis of ELANE and HAX1-mediated hereditary neutropenia.
2h. Employ in vitro differentiation of patient-derived iPSC models to determine how ELANE mutations influence cryptic start site utilization (months 18-36).
We were successful in repeating experiments performed in cell lines in patient-derived iPSC gene models, including using CRISPR genome editing, as overall described in Tidwell et al. 2014 and Nayak et al. 2015.
Task 3. Characterize the biochemical properties of internally-translated neutrophil elastase polypeptides (months 14-36).
In summary, as shown in the Tidwell et al. 2014 and Nayak et al. 2016 publications, the internally-translated neutrophil elastase polypeptides retain catalytic activity, mislocalize, do not show evidence of induction of the unfolded protein response, reduce clonogenic growth, have no significant effect on apoptosis in transfected RBL cells but do show a slight increase of apoptosis in patient-derived iPSC, and when expressed in iPSC demonstrate reduced production of neutrophils.
3a. Prepare cDNA expression constructs for each of the internally translated polypeptides for transfection into RBL cells (months 14-17).
cDNA constructs incorporating pathogenic ELANE mutations at the translational start site and predicted IRES, as well as internal controls, were constructed as described in the Materials and Methods sections of Tidwell et al. 2014 and Nayak et al. 2015.
3b. Determine if internally translated polypeptides are catalytically active when transfected into RBL cells (months 18-24).
We found that residual catalytic activity is retained by internally translated neutrophil elastase polypeptides commencing from constructs with observed mutations in the canonical ELANE translational start site (Figs. 5A and S6 of Tidwell et al. 2014 ). For more conventional missense substitutions, we showed that proteolytic inhibition with the small molecule specific inhibitor of neutrophil elastase, sivelestat, can restore iPSC differentiation capacity (Fig. 6 of Nayak et al. 2015).
3c. Determine the subcellular localization of internally translated polypeptides by immunofluorescent staining within transfected RBL cells (months 24-26).
We found that internally translated neutrophil elastase polypeptides aberrantly sublocalized to the nucleus of transfected RBL cells (Fig. S10 of Tidwell et al. 2014 ).
3d. Determine subcellular localization of internally translated polypeptides based on subcellular fractionation (months 27-29).
We attempted but technically failed to satisfactorily complete subcellular fractionation experiments and therefore have no data to report for this sub-task.
3e. Determine if internally translated polypeptides induce expression of ER or other cellular stress markers (months 30-33).
We did not find induction of ER stress as measured by HSPA5 expression (Figs. 5B and S7 of Tidwell et al. 2014 ).
3f. Evaluate for apoptotic effects of transfected internally translated polypeptides (months 33-36).
With respect to apoptosis, in transfected RBL cells, there was no evidence of increased apoptosis as measured by annexin V staining (Figs. 5C and S8 of Tidwell et al. 2014) or qRT-PCR of a set of genes induced with apoptosis ( Fig. S9 of Tidwell et al. 2014) . Results were somewhat different when evaluating the same mutations in patient-derived iPSC models, where a small but definite increase in apoptotic cells as detectable using FACS analysis of annexin V staining under granulocytic differentiation conditions (Fig.  S3B of Tidwell et al. 2014 ). These results expose inadequacies in the use of cultured cell models and demonstrate the superiority of iPSC as models of understanding hereditary neutropenia resulting from ELANE mutations.
3g. Develop a flow-sorting based clonogenic assay to evaluate for toxic effects on cell growth of internally translated polypeptides upon transfection of U937 cells (months 33-36).
We developed a clonogenic growth assay employing single cell sorting, as described in the Materials and Methods section of Tidwell et al. 2014 . U937 cells transfected with ELANE expression constructs reproducing patient-derived translational start site mutations demonstrate reduced clonogenic capacity (Fig. 4 of Tidwell et al. 2014) , which serves as a proxy for neutropenia in this cellular model system. 3h. Use patient-derived iPSC models and CRISPR/Cas9 genome-editing to generate a range of ELANE mutations and determine how they alter biochemical properties of neutrophil elastase as well as alter in vitro hematopoietic differentiation (months 21-36).
This added task was largely addressed in the Nayak et al. 2015 publication. At least for conventional amino acid missense substitutions of ELANE, gene correction can reverse granulocytic differentiation defects and neutrophil elastase mislocalization. Another significant finding was the protease inhibition with a small molecule inhibitor, sivelestat, can similarly restoring granulopoiesis, suggesting a potential new avenue for therapy.
Discussion
Our studies have informed understanding of hereditary forms of neutropenia and other bone marrow failure syndromes, including myelodysplasia (which is a complication of hereditary neutropenia) by addressing how the most abundant protein of leukocytes, neutrophil elastase, contributes to the normal homeostatic regulation of blood cells. We have developed new patient-derived iPSC models of myelopoiesis and have validated that they faithfully recapitulate molecular genetic and cellular features occurring in the bone marrow, thus extending their use for analysis of other forms of hereditary blood disorders.
Beyond the scope of this proposal, and still in the future, gene-correction of ELANE mutations, as demonstrated here using CRISPR-Cas9 technology, may ultimately prove to be of use as a therapeutic tool for treating congenital neutropenia and other hereditary blood disorders.
Additionally, acquired forms of neutropenia, such as from chemotherapy, autoimmune disorders, or premalignant conditions, are not uncommon and likely involve common denominators that molecular studies of congenital disorders may help to reveal.
KEY RESEARCH ACCOMPLISHMENTS
• Identification of alternate translation start sites in ELANE.
• Formal validation that ELANE mutations are sufficient for disease causality utilizing genome editing technologies.
• Confirmation of mislocalization and unfolded protein-induced stress in iPSC models of human disease.
• Indication that protease inhibition can reverse pathogenic features in model systems of the disease, thereby pointing the way toward novel therapy.
• Still unresolved is the role of HAX1 in contributing to disruption of neutrophil elastase.
CONCLUSION
In general, our studies have illuminated unconventional ways through which primary coding sequence mutations in genes may have unexpected effects on translation, including by disrupting translational start sites, activating internal ribosome entry sites, or affecting mRNA folding and interactions with RNA binding proteins. Given the large volume of 'variants of undetermined significance' now pouring in from whole genome and whole exome sequencing studies, our results may have bearing on the interpretation of rare variants that either do not directly alter protein coding or that are otherwise predicted to have benign effects on protein structure and function.
These experiments helped to pave the way for an extension of this project in the form a new NIH R01 project (NIH R01 130472, Pathogenesis of ELANE-related neutropenia). 
PUBLICATIONS, ABSTRACTS, AND PRESENTATIONS
REPORTABLE COUTCOMES
• Creation of iPSC as models of human hereditary neutropenia.
• Generation of CRISPR-Cas9 ELANE gene correction tools.
OTHER ACHIEVEMENTS
Supported personnel did benefit from career development as a result of their participation in technological aspects of the project.
Donovan Anderson, further developed bioinformatic skills by participating in seminars and classes involving the R programming language, Bioconductor, and next generation DNA/RNA sequence analysis.
Timothy Tidwell, a graduate student obtained his Ph.D. for work based on pursuit of this project (though he was supported largely through other means, including an NIH T32 training grant). Dr. Tidwell has recently moved to a postdoctoral position at the University of Utah.
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Regular Article PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS
Neutropenia-associated ELANE mutations disrupting translation initiation produce novel neutrophil elastase isoforms 
Introduction
There are two main types of hereditary neutropenia: cyclic neutropenia and severe congenital neutropenia (SCN). In cyclic neutropenia, neutrophil counts oscillate with 21-day periodicity. 1 In SCN, neutrophil counts are statically low, promyelocytic maturation arrest occurs in the bone marrow, and disease often progresses to myelodysplasia or acute myeloid leukemia. 1 Heterozygous mutation of ELANE causes almost all cases of cyclic neutropenia 2 and the majority of SCN. 3 Because neutropenia is often lethal, germline mutations frequently arise de novo. 1 Additional genes causing SCN include HAX1, 4 GFI1,
5
G6PC3, 6 and others.
7
ELANE encodes the neutrophil granule serine protease, neutrophil elastase (NE). 8 While it is unclear how ELANE mutations cause neutropenia, nearly all of its myriad mutations are either amino acid missense substitutions, small insertions or deletions preserving translational reading frame, or carboxyl-terminal chain-terminating mutations escaping nonsense-mediated decay. 1, 9 The mutational spectrum would seem to exclude haploinsufficiency as a mechanism, because mutations predicting an absence of protein have not yet been reported.
Mutations distribute throughout NE, and effects on biochemical properties such as proteolytic activity, serpin inhibition, and glycosylation appear inconsistent. [9] [10] [11] Two theories on how mutations affects NE have been proposed. In one, mutant NE is mistrafficked, while, in the other, mutant NE misfolds, activating an unfolded protein response (UPR) in the endoplasmic reticulum (ER).
Relevant to the mistrafficking hypothesis, NE is stored in lysosome-like granules, but distributes to the plasma membrane and nucleus. 8 Some ELANE mutations are reported to disturb NE trafficking, both in vitro 12, 13 and in vivo 10 (though other studies have not found mislocalization). 9 Furthermore, mutations in the gene encoding the lysosomal transporter protein AP3B1, which is involved in trafficking NE, 12 are responsible for the neutropenic disorders Hermansky-Pudlak syndrome type 2 14 and canine cyclic neutropenia, 12 and, at least in dogs, NE appears to be mislocalized. 15 Chédiak-Higashi syndrome, caused by mutations in a different lysosomal trafficking protein, may also cause neutropenia, 16 and in a mouse model of the disorder, NE appears to be mistrafficked. 17 Finally, mutations in other genes involved in lysosomal trafficking, including VPS13B 18 and VPS45, 19,20 also cause neutropenia. With the misfolding hypothesis, when certain ELANE mutations are expressed in vitro, UPR markers including binding immunoglobulin protein, XBP1, and GRP78 are upregulated. 10, 21 A supportive observation involves Wolcott-Rallison syndrome, which, in addition to other features, includes neutropenia and is caused by mutations in protein kinase RNA-like ER kinase (PERK) which functions as a sensor of ER stress. 22 Gene-targeted mice carrying a neutropeniaassociated ELANE mutation develop neutropenia when ER degradation is blocked with the proteasome inhibitor bortezomib, resulting in high levels of ER stress. 23 Here, we describe a new category of ELANE mutation disrupting the translation initiation codon or the immediately adjacent Kozak sequence that does not easily fit with either the mislocalization or misfolding hypotheses. Because they might not produce a protein, these mutations would seem contrary to the concept that a mutant polypeptide causes disease. The aim of the present study is to determine the molecular effects of mutations involving ELANE's initiation codon.
Materials and methods
Mutational analysis
Sanger DNA sequencing of ELANE from polymerase chain reaction (PCR)-amplified peripheral blood genomic DNA was performed as described. 2 Research was approved by the University of Washington Institutional Review Board, and participants gave written informed consent in accordance with the Declaration of Helsinki.
Induced pluripotent stem cell (iPSC) generation
Peripheral blood mononuclear cells were transduced using lentiviral vectors containing Oct4, Sox2, Klf4, and c-Myc. See details in supplemental Materials and methods section on the Blood Web site.
Cell culture
Human leukemic monocyte lymphoma (U937) and human promyelocytic leukemia (HL-60) cell lines were purchased from ATCC and cultured in RPMI 1610 (Life Technologies, Grand Island, NY). Henrietta Lacks (HeLa) and rat basophil leukemia 1 (RBL-1) cells were cultured in Dulbecco's modified eagle medium (Life Technologies). Media was supplemented with 10% fetal bovine serum containing 100 units/mL penicillin and 100 mg/mL streptomycin.
IRES experiments
ELANE segments were PCR-amplified from genomic DNA and inserted into a bicistronic (pRF) vector (gift from Dr. Vincent Mauro, The Scripps Research Institute, La Jolla, CA), containing firefly and Renilla luciferase. A construct containing the triplicated active region was made by separating 3 tandem repeats with a 9-bp oligonucleotide derived from a non-internal ribosome entry site (IRES) region from the mouse b-globin gene 24 (supplemental Table 1 ). Vectors were transfected into HeLa cells using Fugene HD (Promega, Madison,WI). Cells were harvested after 24 hours. Luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega) on a Synergy 4 microplate reader (BioTek, Winooski, VT). Firefly activity was normalized to Renilla activity.
Western blotting
Chicken IgY raised against the NE carboxyl-terminus was used for western blots, as described. 25 
Clonogenic capacity assay
Wild-type and mutant ELANE vectors were generated by inserting ELANE into pIRES2-ZsGreen (Clonetech, Mountain View, CA) obtained from previously described vectors.
11 U937 cells were transfected with the Amaxa Nucleofector Kit C (Lonza, Basel, Switzerland), 2 mg of DNA, and program W-01. After 24 hours posttransfection, single cells were sorted into 96 well plates using a FACSAria II (BD Biosciences, San Jose, CA), gated on ZsGreen fluorescent protein expression. Two weeks later, plates were scored for wells containing $ 20 cells.
ER stress and apoptosis assay
HL-60 cells were transfected with the same vectors as the clonogenic capacity assay, with 1.25% dimethylsulfoxide. 26 ZsGreen-positive cells were sorted with a FACSAria II, and RNA was isolated using RNeasy Plus Mini Kits (Qiagen, Germantown, MD). RNA was reverse-transcribed with SuperScript II reverse transcriptase (Life Technologies). Heat-shock 70-kDa protein 5 (HSPA5) (Hs00607129_gH) expression, normalized to ACTB (4352935E) was quantified using TaqMan (Life Technologies) assays on an Applied Biosystems 7300 real-time PCR instrument. ER stress was induced in control cells with 2 mg/mL tunicamycin for 16 hours. For apoptosis assays, transfected HL-60 cells were incubated for 24 hours, and then serum-starved for 16 hours. Apoptosis was assessed with the Annexin V-PE Apoptosis Detection Kit 1 (BD Pharmingen) per manufacturer instructions on a FACSCanto II, gating ZsGreen-positive cells.
Proteolytic activity assay
Proteolytic activity was assessed as described, 11 following 16-hour incubation.
Statistical methods
Comparisons between groups employed Student two-tailed t test.
Results
Mutations disrupting the ELANE translational start site An SCN-associated ELANE mutation, with A.G substitution at the first position of the ATG methionine translation initiation codon (Table 1) , was reported previously by the French Neutropenia Register. 27 Neither parent was affected or possessed the mutation, indicating it arose de novo. As an isolated case, it remained uncertain whether the mutation was causative. Since then, the proband has had an affected child inheriting the mutation, and we have observed another de novo occurrence in an unrelated patient in the French Register. The same mutation, again de novo, has subsequently been described in two additional, unrelated patients, 9, 28 including one unresponsive to recombinant human granulocyte colony stimulating factor therapy. 28 Recently, additional SCN patients with mutations of the second (T.G) and third (G.C) positions of the ATG methionine initiation codon have been described, 9 and, in the case of the former, was also seen in the French Register (Table 1) . We report here for the first time, a different mutation (G.A) at the third position of the ATG initiation codon arising de novo in an SCN patient, whose affected child also inherited the mutation (Table 1 and supplemental Figure 1A) . Also for the first time, we describe a cyclic neutropenia patient with mutation (A.T) of the conserved 23 position of the Kozak translation initiation sequence, where a purine, as found in wild-type ELANE, is strongly preferred 29 ( Table 1 and supplemental Figure 1B) .
In summary, there were 9 unrelated probands with neutropenia comprising 5 different translation start mutations (Table 1) . No other ELANE-coding sequence variants were observed among these patients. These variants have not been described in 6503 individuals in the National Heart, Lung, and Blood Institute's Exome Sequencing Project (http://evs.gs.washington.edu), cataloged in 1000 Genomes, 30 dbSNP 31 (version 135), or among hundreds of controls. 9 Since these variants were exclusively found in patients with neutropenia who lacked other causative mutations, and often arose de novo, but can be autosomally dominantly transmitted, we conclude that they are causal. Among a total of 191 different known ELANE mutations, 9 all, except for these, were predicted to result in translation of correspondingly mutated NE protein. A closer look at this class of mutations is warranted.
ELANE start-site mutations activate translation from downstream initiation codons
We hypothesized that instead of preventing translation of NE, mutations of ELANE's translational start site may, instead, lead to translation commencing from internal methionine ATG codons. There are three downstream, in-frame ATG codons that could potentially be used as start sites when the canonical initiation codon is mutated ( Figure 1A ). (There are also two out-of-frame initiation codons. One is followed immediately afterward by a stop codon, and the other is terminated after 9 codons.)
To test this possibility, we transfected ELANE complementary DNA (cDNA) containing mutations involving the initiation codon and the Kozak sequence in RBL-1 cells (which are conventionally employed for the study of NE because although they lack endogenous NE, they correctly target it to granules), 32 and performed a western blot with an antibody detecting a carboxyl-terminal epitope. When the initiation codon was mutated from ATG to either ATA or GTG, shortened forms of NE were evident (Figure 2, c.3G .A, c.1A.G). When the highly conserved nucleotide in the Kozak sequence 3 nucleotides upstream from the initiation codon was mutated from A to T, shorter proteins were produced along with the wild-type protein (Figure 2 , c.-3A.T). To verify that shortened forms of NE represent translation initiation from alternate sites and are not due to posttranslational processing, expression vectors were generated containing just the open reading frames (ORFs) representing all in-frame methionine codons (wild-type compared with ATG2, ATG3, and ATG4). Correspondingly shorter isoforms were also produced when the region upstream from each internal in-frame ATG was deleted, with the exception that there was no detectable expression from ATG4 ORF (Figure 2) .
We tested for the presence of shorter NE isoforms in patientderived samples. Bone marrow was unavailable in patients with startsite mutations. Western blot performed on peripheral blood could not be interpreted due to neutropenia (not shown). We, therefore, generated iPSC from a patient with the c.1A.G mutation (supplemental Figure 2 ), which showed normal karyotype, pluripotent stemcell marker expression, and the ability to differentiate into all three germ layers. Compared with control, upon hematopoietic differentiation, there was no significant difference in the level of CD34 11 myeloid cells derived from iPSC (supplemental Figure 3E) confirmed reduced abundance of full-length NE (as expected with heterozygosity for the mutation, where wild-type is also present) and uniquely increased abundance of at least one shorter isoform. Additional higher molecular weight products, as seen in RBL-1 cells, were detected. Isoform sizes in iPSC appeared to be slightly shifted upward, compared with RBL-1 cells, suggesting differences in posttranslational modification. Experiments with iPSC, therefore, corroborate phenotype and downstream initiation of translation.
Defining an ELANE IRES Figure 2 shows that translation normally initiating from the canonical ATG1 start site in wild-type ELANE does not lead to translation of polypeptides from internal ORFs. However, the ATG2 ORF expression vector yields a range of shorter polypeptides corresponding to translation initiation from ATG2, ATG3, and ATG4. We reasoned that there could be an IRES situated between ATG2 and ATG3. IRES sequences are regions of messenger RNA (mRNA) that recruit the ribosome to sites adjacent to internal ATG codons and permit internal initiation of translation in a cap-independent manner. 33 To confirm the presence of an IRES and exclude the possibility that the cap site is still used for ribosome entry when the canonical initiation codon is mutated, we introduced a termination codon (c.83C.A 5 p.S-2X) between ATG1 and the first internal methionine codon, ATG2, in cis with the Kozak sequence mutation (c.-3A.T). The shorter isoforms were present in greater abundance, while polypeptides initiating from ATG1 terminated prior to the carboxyl terminus and were consequently no longer detected by antibody to the carboxylterminus (supplemental Figure 4) .
One IRES, found in mouse Nkx6-2, exhibits reverse complementarity to 18S ribosomal RNA (rRNA), and mutations disturbing complementarity between Nkx6-2 mRNA and 18S rRNA disrupt IRES activity. 34 We scrutinized ELANE mRNA and confirmed it contains a region of reverse complementarity to 18S rRNA just downstream from ATG2, spanning the region of complementarity to 18S rRNA defined in Nkx6-2 ( Figure 1B ). In computer simulations where random sequences the same length as the putative IRES were generated from ELANE mRNA and compared with 18S rRNA, sequence complementarity was determined to be highly nonrandom (P 5 1.3 3 10 6 ) (supplemental Figure 5 ). We, therefore, evaluated whether the region of 18S rRNA complementarity possesses IRES activity. A test vector containing distinguishable tandem luciferase (Renilla and firefly) reporters, was used. The potential IRES was inserted in-between the two luciferase genes. The upstream Renilla luciferase contains a Kozak consensus sequence needed for translation initiation; however, translation of the downstream firefly luciferase requires that the inserted sequences possess IRES activity. Several overlapping segments from within the region of ELANE exhibiting complementarity to 18S rRNA for IRES activity in transfected HeLa cells were tested. Region 1 showed a 2.5-fold increase in IRES activity, but regions 2 and 3 did not exhibit IRES activity compared with vector alone ( Figure 3A) , possibly due to the presence of additional start codons within those regions. Additionally, a 59-UTR of similar length from an arbitrary gene (KLHDC8B) lacked IRES activity (not shown). To further verify that region 1 contained an IRES, we evaluated its activity when it was triplicated in a head-to-tail sequence. IRES activity was increased by ;sixfold, compared with the vector alone ( Figure 3B ), suggesting that IRES activity is not adventitious.
ELANE mutations activating the IRES
It should be noted that ELANE mutations frequently locate to the putative IRES. 1, 9 We tested 3 of these mutations (p.V16M, p.S17F, and p.L18P) for effect upon IRES activity, using the dual luciferase reporter containing triplicated ELANE IRES ( Figure 3B ). Two of the mutations (p.V16M and p.S17F) markedly increased activity, compared with the empty vector. When transfected into RBL-1 cells (supplemental Figure 4) , p.V16M produced one of the shorter isoforms also seen with the c.-3A.T mutation. Results for S17F were inconclusive because there was limited expression of even the wild-type isoform, which would also be consistent with the possibility that S17F disrupts translation from the canonical start site. Further study is needed to determine the nature of polypeptides produced by these mutations, optimal sequence for IRES function, and how mutations within ELANE mRNA may modulate IRES activity.
Effect of amino-terminally truncated NE on clonogenic capacity
To determine if the expression of NE polypeptides initiating from internal translational start sites are harmful to cells, we expressed cDNAs containing internal ORFs in U937 promonocytes, performing a previously described "clonogenic capacity" assay, developed to study neutropenia-associated ELANE mutation induction of the UPR. 21 Three different vectors were used in order to isolate the different ORFs and determine their effects; in addition to expressing the ATG2 ORF and the ATG3 ORF, we also evaluated the ATG.GTG mutation, which produces all 3 internal ORFs.
(We did not test ORF4 individually, because its production seems For personal use only. on June 3, 2016. by guest www.bloodjournal.org From to require upstream sequences, and, in isolation, does not produce detectable protein.) All of the vectors expressing shortened forms of NE reduced clonogenic capacity ( Figure 4 ). When comparing the shorter isoforms of NE to each other, the GTG mutation, which leads to production of all 3 internal ORFs, had a greater effect on inhibiting clonogenic capacity than did the ATG2 ORF by itself.
Cellular and biochemical properties of amino-terminally truncated NE
To determine if amino-terminally truncated forms of NE retain enzymatic activity, we tested their ability to cleave the NE-specific substrate MeO-Suc-Ala-Ala-Pro-Val-pNA following expression in transfected RBL-1 cells. We found that the c.1A.G mutation retained minimal, yet statistically significant residual activity, but that isolated ORFs corresponding to the second and third ATGs lacked activity ( Figure 5A and supplemental Figure 6 ).
We assessed whether amino-terminally truncated forms of NE induce ER stress by measuring expression of HSPA5, which codes for the binding immunoglobulin protein. We found no increase in HSPA5 in HL-60 cells transfected with ELANE mutations altering the translational start site ( Figure 5B ), whereas control cells transfected with wild-type ELANE and stimulated with tunicamycin, which induces ER stress, 21 showed a 12-fold increase in HSPA5 expression (supplemental Figure 7) .
We also tested whether amino-terminally truncated forms of NE induce apoptosis in HL-60 cells transfected with vectors expressing either wild-type or amino-terminally truncated forms of NE. There was no increase in apoptosis as observed by Annexin V binding ( Figure 5C and supplemental Figure 8 ). Additionally, reverse transcription (transcriptase)-PCR assays revealed no increase in expression across a panel of apoptosis-related genes (supplemental Figure 9 ). The fact that apoptosis was evident in iPSC exposes the limitations of HL-60 cells.
To determine if amino-terminally truncated forms of NE subcellularly mislocalize, we transfected RBL-1 cells with the c.1A.G and c.3G.A mutations. Compared with granular cytoplasmic distribution of the wild-type, the shorter polypeptides appeared to localize to nuclei (supplemental Figure 10 ).
Discussion
Somatic and germline mutations of translational start sites are reported for several human disease-associated genes, where it is speculated that, instead of abrogating translation, they may force utilization of downstream initiation codons. 35, 36 However, the demonstration of this phenomenon has been rare. One example involved acquired mutations of the hematopoietic transcription factor GATA1 associated with transient myeloproliferative disorder and megakaryoblastic leukemia of Down syndrome. 37 Start codon mutations or, more often, proximal chain-terminating mutations just downstream from the initiation codon, lead to the production of a shorter GATA1 variant commencing from a second initiation codon, which lacks the activation domain yet retains the ability to bind DNA and cofactors. 38, 39 Similar mutations producing similar effects occur in the transcription factor C/EBPa in acute myeloid leukemia. 40 Another example involved germline mutation of TPO, encoding thrombopoietin, in hereditary thrombocytopenia, and disrupting a splice-site, which leads to deletion of the canonical start site with initiation shifting downstream to the next in-frame ATG codon. 41 Here, we show that neutropenia-associated germline mutations disrupt the initial ATG codon, and adjacent noncoding Kozak translation initiation sequence of ELANE lead to production of amino-terminally truncated isoforms of NE-initiating translation from downstream, inframe methionine ATG codons.
Potential alternate translation start sites are predicted for as many as 12% of human genes. 42 Furthermore, potential alternate start sites are evolutionarily conserved and are used in many cases. [43] [44] [45] One of the hypothesized roles of alternate translation start sites is to alter amino terminal localization signals, and ultimately, protein location; 30% of proteins derived from potential alternate start sites are predicted to have different subcellular localization. 42 One example is neuropeptide Y, which has two translation start sites. The protein produced from the first initiation codon is targeted to secretory vesicles whereas the protein initiating downstream locates to mitochondria. 46 We have shown that, at least in vitro, pathogenic isoforms of NE resulting from start-site mutations similarly become mislocalized when truncated at the amino terminus, probably because the shorter isoforms lack the ER-localizing signal sequence. We demonstrated IRES activity for a region of ELANE between the second and third internal ATG codons. Based on prior studies of Nkx6-2, we suspected this activity was due to direct ribosomal binding mediated by ELANE mRNA sequence complementarity to 18S rRNA. 47 This IRES permits the production of both the ATG2 and ATG3 ORF NE polypeptides from a single mRNA when the initial ATG codon is mutated. It is less clear if this IRES normally initiates translation when the initial ATG codon or flanking Kozak sequence is not altered. Another interesting observation was that mutations of this region enhanced activity despite reducing complementarity to 18S rRNA compared with wild-type. In previous studies, it was found that the optimum length of complementarity to 18S rRNA was 7 nucleotides, and any sequence longer or shorter than that, decreased IRES activity. 48 It is likely that other coding sequences within ELANE mRNA contribute to translational regulation directly either by influencing binding to the ribosome or other translation factors, or indirectly by affecting mRNA folding. If so, some coding sequence ELANE mutations may favor production of internally translated isoforms, in which case, protein sequence changes could prove incidental and noncontributory to pathogenesis. Conversely, ELANE variants involving synonymous codon substitutions that do not alter coding sequence may nevertheless prove pathogenic, because they disturb the translational start site, IRES, or other mRNA sequences regulating translation from internal start sites in ELANE. In our own genetic testing of neutropenic patients, we have detected novel synonymous ELANE variants, but have not previously designated them as deleterious. 1 ELANE mutations inactivating the ATG initiation codon are found in SCN patients and lead to the absence of full-length protein with expression of amino-terminally truncated isoforms not seen with the wild-type allele. However, the Kozak sequence mutation occurs in patients with cyclic neutropenia and results in the production of both full-length protein, and compared with SCN patients, reduced levels of the amino-terminally truncated isoforms, suggesting that less expression of the shortened isoforms correlates with what might be considered, milder disease.
The shortened isoforms reduced clonogenic capacity in an assay of myeloid proliferation. Cells transfected with the shorter forms of NE did not exhibit increases in ER stress when compared with wildtype. It is not surprising that the mutations did not induce ER stress since they were predicted to lack the signal sequence necessary to translocate to the ER. However, the presence of a "smear" of high molecular weight products evident in western blots in Figure 2 and supplemental Figure 3E , suggested that the shortened forms of NE may still misfold and aggregate, albeit not in the ER. It is possible that aggregated NE may sequester transcription factors. ORFs 2 and 3 are additionally predicted to lack the pro-zymogen activation sequence whose removal is required for catalytic function; yet they retained the catalytic triad of histidine, aspartate, and serine necessary for proteolytic activity, raising the possibility that they were mature and possessed enzymatic activity immediately following translational synthesis. We found that mutation disrupting the canonical translation start site retained only minimal proteolytic activity; yet it is possible that even residual activity could be damaging if not properly compartmentalized.
In evaluating the relevance of this new category of mutations disrupting the translational start site, it is unlikely that all of the numerous ELANE mutations would disrupt translational regulation of mRNA and lead to production of internally translated ORFs. Nevertheless, we speculate that there may be a mechanism through which conventional mutations alter the primary sequence of NE, which may lead to the production of internally-translated isoforms via protein misfolding.
The presence of shorter isoforms of ELANE generated by an IRES, actually fits with the two current models on how mutations may cause disease ( Figure 6 ). If the misfolding hypothesis holds true, the shorter isoforms could be produced by the IRES through a trans mechanism. In times of stress, protein misfolding within the ER activates PERK, which phosphorylates eukaryotic translation initiation factor 2, 49 resulting in a preference for IRES-mediated translation over normal cap-dependent translation. 50 Our observations also fit well with the mislocalization hypothesis. Since the shortened isoforms do not contain a propeptide signal sequence, they are unlikely to correctly transit through the ER, where they would ordinarily become glycosylated. Previously, we demonstrated that when sites of asparagine-linked glycosylation in NE are mutated, NE accumulates in the nucleus. 25 In fact, the shorter isoforms appear to localize to the nucleus in RBL-1 cells, congruent with the theory that they do not enter the ER and are not glycosylated. Aberrant localization may contribute to pathogenesis, but further research is needed to establish if this is also true in human neutrophils and what link it may have to disease. Figure 6 . Congruence with current disease hypotheses. A schematic of ELANE is shown. Mutations that inactivate the translation initiation codon and the Kozak sequence force translation to initiate from downstream in-frame ATG codons, resulting in amino-terminally truncated NE that lacks an ER-localizing presignal sequence, as well as a prozymogen sequence ordinarily restraining proteolytic activity prior to its removal. A second group of mutations may activate an IRES, also leading to translation of the internal ORFs. A third type of mutation, we speculate, may cause protein misfolding which activates an ER stress response and promotes IRES utilization, thereby indirectly also leading to translation of the internal ORFs. Catalytic triad of his, asp, and ser residues and amino terminal sequences ordinarily cleaved from the mature enzyme (dotted line) are shown. 
Introduction
Severe congenital neutropenia (SCN) is a rare myelopoietic disorder resulting in recurrent life-threatening infections due to a lack of mature neutrophils (1). Individuals with SCN have myeloid hypoplasia with arrest of myelopoiesis at the promyelocyte/myelocyte stage (2) . Current treatment by administration of high-dose granulocyte CSF (G-CSF) induces an increase in the neutrophil counts in the peripheral blood (PB) of most SCN patients. The lack of beneficial effect of G-CSF administration on neutrophil function (3) and the possible role of G-CSF administration in leukemogenesis (4) underscores the need to search for alternative therapies. Currently, allogeneic hematopoietic stem cell transplantation (HSCT) is the only curative treatment for SCN (5) .
SCN is actually a multigene syndrome that can be caused by inherited mutations in several genes. Around 60% of SCN patients are known to carry autosomal-dominant mutations in the ELANE gene, which encodes neutrophil elastase (NE) (6, 7) . NE belongs to the class of serine proteases and is expressed exclusively in mature myelomonocytic cells and their committed immature precursors (promyelocytes and promonocytes). Stored as an active protease in azurophilic granules, NE is released upon exposure of the neutrophil to inflammatory stimuli. In the extracellular environment, NE cleaves extracellular matrix proteins, while serine protease inhibitors antagonize the proteinase activity (8) .
Most ELANE mutations act as dominant heterozygous mutations and are single point mutations. It is unclear how these single point mutations affect the function of the protein and the viability of phagocytes. Some data suggest that ELANE gene mutations are not sufficient to cause the SCN phenotype and other genes may act as modifiers on promyelocyte survival and their response to G-CSF (9-11). There is also an absence of correlation between the genotype and phenotype. The same ELANE mutation can induce 2 types of disease: SCN and a more benign cyclic neutropenia, with cycles of neutropenia every 21 days (6). It is possible that disturbances of a feedback circuit, in which mature neutrophils homeostatically regulate myeloid progenitor populations, are responsible for this mechanism. This hypothesis was supported by the discovery that the protein PFAAP5 interacts with NE to interfere with GFI1-controlled transcriptional regulation (12) . Finally, the coexistence of various phenotypes in the same kindred may point to the existence of modifying genes that determine the severity of the clinical phenotype (13) .
Early explanations of the role of mutant ELANE portrayed a potential pathophysiological role of dysregulated vesicular sorting Severe congenital neutropenia (SCN) is often associated with inherited heterozygous point mutations in ELANE, which encodes neutrophil elastase (NE). However, a lack of appropriate models to recapitulate SCN has substantially hampered the understanding of the genetic etiology and pathobiology of this disease. To this end, we generated both normal and SCN patient-derived induced pluripotent stem cells (iPSCs), and performed genome editing and differentiation protocols that recapitulate the major features of granulopoiesis. Pathogenesis of ELANE point mutations was the result of promyelocyte death and differentiation arrest, and was associated with NE mislocalization and activation of the unfolded protein response/ER stress (UPR/ER stress). Similarly, high-dose G-CSF (or downstream signaling through AKT/BCL2) rescues the dysgranulopoietic defect in SCN patient-derived iPSCs through C/EBPβ-dependent emergency granulopoiesis. In contrast, sivelestat, an NE-specific small-molecule inhibitor, corrected dysgranulopoiesis by restoring normal intracellular NE localization in primary granules; ameliorating UPR/ER stress; increasing expression of CEBPA, but not CEBPB; and promoting promyelocyte survival and differentiation. Together, these data suggest that SCN disease pathogenesis includes NE mislocalization, which in turn triggers dysfunctional survival signaling and UPR/ER stress. This paradigm has the potential to be clinically exploited to achieve therapeutic responses using lower doses of G-CSF combined with targeting to correct NE mislocalization. SCN14 and ELANE I118N named SCN15). These 2 patients were chosen because of the severity of their congenital neutropenia at diagnosis, including maintained polymorphonuclear cell counts (PMN cell counts) < 500/mm 3 , and both showed BM maturation arrest at the myelocytic/metamyelocytic stage with no segmented neutrophils and relative marrow eosinophilia and monocytosis. In addition, both patients responded to only high doses of G-CSF (SCN14 derives from a patient requiring 8 μg/ kg/day, and SCN15 derives from a patient requiring 5 μg/kg/day to maintain PMN counts > 1,000/mm 3 ), which represents a frequent event in mutant-ELANE SCN.
Pathogenesis of ELANE-mutant
Upon transduction of PB mononuclear cells (MNCs) with Yamanaka factors in a lentiviral construct, pluripotent stem celllike colonies appeared on the culture plate 10-15 days following transduction. The SCN iPSC lines retained their SCN point mutations after reprogramming (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI80924DS1) and remained karyotypically normal throughout culture (data not shown). All iPSC lines expressed the pluripotent markers SSEA-4, Tra-1-60, Tra-1-81, CD9, and OCT-4 as analyzed by flow cytometry (Supplemental Figure 2) . To investigate the ability of iPSC lines to differentiate into hematopoietic cells, we used a 10-day monolayer differentiation protocol to produce CD45 + CD34
+ hematopoietic progenitors (23) . At the end of the monolayer differentiation protocol, the generated cells were analyzed for CD45 and CD34 expression by FACS analysis. All iPSC lines were able to differentiate into hematopoietic progenitor cells as assessed by the frequency of CD45 + CD34
+ cells at the end of 10 days of differentiation (control 12, 34.9% ± 11.21%; control 13, 23.4% ± 7.8%; SCN15, 17.5% ± 5.2%; SCN14, 38.8% ± 8.9%) (Supplemental Figure 3A) . CD45 + CD34
+ cells from these cultures also expressed CD33 and CD43, indicating that these are myeloid progenitor cells derived from primitive hematopoiesis (Supplemental Figure 3, B) . For the functional analyses of these myeloid progenitor cells derived from control iPSCs and ELANE-mutant SCN iPSCs, we carried out CFU assays using semisolid methyl cellulose medium containing cytokine mixtures for myeloid cells. As shown in Figure 1A , hematopoietic progenitor cells derived from the 2 ELANE-mutant SCN iPSC lines generated approximately 75% and 50% reduction in CFU-G (granulocyte) and CFU-GM (granulocyte-macrophage) colonies, respectively, in comparison to that of control iPSC-derived hematopoietic progenitor cells. However, both the SCN iPSC-derived hematopoietic progenitor cells increased modestly the generation of CFU-M (macrophagic) in SCN15. The frequency of immature CFU-Mix generated from these cultures was comparable among all the lines. The colonies were plucked, stained with Wright-Giemsa and analyzed for the presence of myeloid differentiated cells. Histologic analysis of CFU-G derived from control iPSC hematopoietic progenitors confirmed the colonies contained mature neutrophils. CFU-G colonies derived from ELANE-mutant SCN lines were smaller (controls: 835.7 μm ± 172.5 μm vs. ELANE mutant: 328.5 μm ± 121.9 μm; Supplemental Figure 4 , A and B) and were mostly composed of immature myeloid cells, mainly promyelocytes and myelocytes, and a few bands and neutrophils. The CFU-GM colonies derived from the control iPSC hematopoietic progenitor cells contained mature neutrophils and macrophages. However, ELANE-mutant and membrane trafficking (14) because canine cyclic neutropenia resulted from mutations in the gene that encodes a subunit of the AP3 adapter complex, which is involved in trafficking of proteins out of the Golgi complex (14) . A number of indirect observations have also implicated aberrant stress response in the ER. The unfolded protein response (UPR) has evolved to protect cells from the damaging effects of improperly folded proteins. Nascent proteins destined for secretory vesicles are directed to the ER, where the protein folding takes place (15) . Myeloid cell lines and primary human cells engineered to express mutant NE, as well as primary human cells from SCN patients with ELANE mutations, show increased biochemical evidence of UPR/ER stress (16, 17) .
However, controversy about the pathogenetic mechanisms of this disease has extended over 20 years because neither in vitro myelopoeisis/granulopoiesis models, nor mouse models recapitulate the disease. Two different models of mutant ELANE knockin mice showed no neutropenia basally or after chemotherapyinduced stress (18, 19) . One of these mice only developed neutropenia after administration of a potent proteasome inhibitor but not after silencing the most relevant UPR sensor, Perk (19) . Lack of adequate modeling is compounded by the limited availability of hematopoietic progenitor materials from pediatric patients with a rare marrow-failure disorder.
The recent discovery that somatic cells can be reprogrammed to generate induced pluripotent stem cell lines (iPSC lines), and so provide a renewable source of patient-derived cells to study the cellular mechanisms of disease, has rejuvenated the application of the Koch postulate to genetic diseases that cannot be recapitulated in animal models (20) . In SCN, the use of iPSCs has provided evidence of canonical Wnt signaling in disease pathogenesis (21) . However, a lack of targeted therapies against Wnt signaling has limited the clinical application of this knowledge in the therapy of ELANE-mutant SCN. Our group has recently demonstrated the utility of iPSC-derived myelopoiesis models to identify the pathogenetic mechanisms of unusual ELANE mutations that affect NE translation (22) . Here, by characterizing iPSC-derived granulopoiesis from SCN patients with ELANE mutations and isogenic lines generated by gene repair, we resolve the necessity of the ELANE mutation in SCN dysgranulopoiesis. Moreover, our modeling reveals the molecular details underlying SCN disease pathogenesis, linking the concepts of NE mislocalization with the induction of UPR/ER stress. We show that while high-dose G-CSF therapy rescues SCN iPSC-derived promyelocytes through C/EBPβ-dependent emergency granulopoiesis, the application of low-dose G-CSF with a small-molecule NE-protease inhibitor restores normal intracellular NE localization in primary granules, ameliorates UPR/ER stress, facilitates promyelocyte survival, and restores CEBPA expression and granulocyte differentiation. Our results underscore a central role for NE mislocalization in SCN pathogenesis and provide proof-of-principle for therapeutic intervention exploiting NE protein relocalization.
Results
SCN patient iPSC-derived myeloid progenitors display impaired granulocytic differentiation.
In the present study, we developed iPSCs from the PB of 2 healthy subjects (control 12 and control 13), and 2 children with ELANE mutations (ELANE Q97P named
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For the precise quantitation of granulocytic lineage populations, granulopoietic differentiation of myeloid progenitor cells derived from control iPSCs and ELANE-mutant SCN iPSCs was performed in a 2-step liquid culture ( Figure 1B) . At the end of cul-SCN iPSC-derived CFU-GM colonies lacked mature neutrophils and mainly contained macrophage and immature myeloid cells. The CFU-M colonies from both control and SCN iPSCs contained macrophages (Supplemental Figure 4, A and B) . iPSC-derived counterparts (Supplemental Figure 5 ). These data suggest that the expression of iPSC-derived and endogenous BMderived myelopoiesis follow similar patterns. Interestingly, the granulocytic population generated from ELANE-mutant SCN iPSC-derived myeloid progenitors is shifted to the left with myelocytes as the most frequently represented cell population and a largely reduced level of bands and neutrophils. These data suggest that ELANE-mutant SCN iPSC-derived myeloid progenitor cells are arrested at the myelocyte stage of granulopoietic development (Figure 1, E-F) . These results mimic the precursor arrest at the myelocyte/metamyelocyte level of the BM at diagnosis from the patients from which iPSC lines were derived (data not shown). +/low cells) demonstrated that the myeloid progenitors and precursors were distinctly different from undifferentiated iPSCs and mesodermcommitted iPSCs. The expression of a total of 1,028 genes representing the iPSC signature is downregulated at a similar level in iPSC-derived myeloid progenitors and precursors as their primary BM myeloid progenitor and precursor counterparts. The expression of 828 hematopoietic genes was found to be upregulated in BM-or iPSC-derived myeloid progenitors and precursors. Pathway analysis using gene ontology analysis demonstrated that most of the upregulated genes were implicated in innate immunity and granulocyte physiology functions (clusters 6 and 7 of Supplemental Figure 5) , and there were no major differences in the transcriptomes of primary BM myeloid progenitors or precursors and their we transduced the myeloid progenitor cells with a bicistronic retroviral construct expressing both murine Bcl2 and Thy1.1 through internal ribosomal entry site. Murine Bcl2 is highly homologous to human BCL2 and has been shown to retain the structural characteristics necessary to interface with pathways involved in the regulation of programmed cell death (27) while allowing mRNA quantitation of both endogenous and exogenous mRNA. The forced expression of Bcl2 increased approximately 2.5-fold the survival of granulocyte precursors, in comparison with vector-transduced cells, to levels similar to those found in control, mock-transduced precursor cells (Figure 2 , D and F, and Supplemental Figure 8B ). These data indicate that BCL2 plays a critical role in the apoptosis of ELANE-mutant SCN iPSC-derived myeloid precursor cells. Exogenous upregulation of the upstream BCL2 effector AKT was also explored through expression of constitutively active murine Akt (ca-Akt) in ELANE-mutant SCN iPSC-derived myeloid progenitors ( Figure 2E ). ELANE-mutant SCN iPSC-derived granulocyte precursors expressing ca-Akt had an approximately 2-fold increased survival ( Figure 2F and Supplemental Figure 8B ) and phenocopied the effect of Bcl2 forced expression. These data indicate that, in addition to the differentiation arrest, the deficient survival of precursors is at the basis of the poor cell output of ELANE-mutant granulopoiesis.
Correction of ELANE mutations by CRISPR/Cas9 gene editing corrects differentiation arrest and survival of granulocytic precursors.
To identify whether ELANE mutations were necessary to mediate SCN, we proceeded to repair SCN14 and SCN15 by genome editing. Two guide RNA sequences (RNA-seq) were selected to target the genome around ELANE exon 3 using clustered regularly interspaced short palindromic repeats (CRISPR) design tools (28) . The 20-bp guide RNA sequences were cloned into the px330 chimeric SpCas9 and guide RNA vector. A targeting donor plasmid was constructed from a WT ELANE sequence that contained 800 bp 5′ and 1,500 bp 3′ homology arms from the CRISPR cut sites. For positive selection of donor integrants, a floxed cassette containing an EFS promoter driving EGFP was inserted between the homology arms (Supplemental Figure 9 , A-C). The SCN iPSCs were transfected with the CRISPRs and donor plasmid; they were expanded, and GFP + cells were flow-sorted. GFP + colonies were then picked and expanded, and their mRNA was converted into cDNA and sequenced (Supplemental Figure 9 , D and E) for verification of sequence of corrected ELANE expression. Quantification of overall mRNA expression of ELANE in promyelocytes derived from corrected isogenic lines showed similar levels of expression (Supplemental Figure 9F) . The isogenic lines expressing corrected ELANE were identified as SCN14C and SCN15C -counterparts of SCN14 and SCN15, respectively.
To determine if gene correction of ELANE mutations restores graulopoietic differentiation, CRISPR-corrected SCN iPSCs were differentiated into CD45 + CD34
+ hematopoietic progenitors and then to terminally differentiated neutrophils using the methods described above. Both SCN14C and SCN15C generated similar levels of CD45 + /CD34 + cells as their uncorrected parental counterparts, respectively (data not shown). When plated into semisolid methyl cellulose medium, CD45 + CD34
+ progenitors derived from CRISPR-corrected SCN iPSCs showed an increase of CFU-G over their corresponding noncorrected iPSC line ( Figure 3A) . Similarly, patients. The generation of reactive oxygen species (ROS) is a major functional hallmark of granulocytic lineage. Therefore, we analyzed the ROS production ability of granulocytic differentiated cells derived from control and SCN iPSC myeloid progenitors. Since the SCN iPSC-derived myeloid progenitor cells are arrested at the myelocyte stage, we analyzed the ability of promyelocytes/ myelocytes derived from control or SCN iPSC myeloid progenitors to produce ROS following staining with dichlorofluorescin diacetate (DCFDA) and analysis by FACS. As shown in Figure 1G , the ROS-generating ability of SCN iPSC-derived promyelocytes/ myelocytes is reduced compared with that of control iPSC-derived cells. All these results suggest that the ELANE SCN iPSC-derived hematopoietic progenitor cells can be used as a bona fide resource to study the pathophysiology of severe congenic neutropenia disease at molecular and cellular levels. Figure 7C) .
ELANE-mutant SCN iPSC-derived myeloid precursor cells undergo apoptosis that can be rescued by forced expression of active
We next analyzed the levels of apoptosis of myeloid precursor cells (CD45   +   CD34 -CD33 + ) differentiated from the iPSC-derived myeloid progenitors. After 5 days of culture in stem cell factor (SCF), IL-3, and GM-CSF (as outlined in Figure 1B) , the myeloid progenitor cells lost CD34 expression and differentiated to myeloid precursors, mainly promyelocytes/myelocytes or monocyte precursors. We analyzed the apoptosis in these immature myeloid cells, as SCN iPSC-derived myeloid progenitor cells are arrested at this stage in their granulopoietic development. Similar to our findings in myeloid progenitors, the level of cell death is doubled in the ELANE-mutant SCN iPSC-derived myeloid precursor cells, indicating enhanced apoptosis compared with the control iPSC-derived myeloid precursor cells (Figure 2, A and B ). We investigated the expression level of the BCL2 family of prosurvival and proapoptotic proteins in the promyelocytes derived from the control and ELANE-mutant SCN iPSCs. As shown in Figure  2C , the levels of BCL2 mRNA are over 95% reduced in both the ELANE-mutant SCN iPSC-derived promyelocytes in comparison to control iPSC-derived cells. We also analyzed the expression level of BH3 domain only-containing BCL2 family proapoptotic proteins in these cells. The increased expression of BAX, BAD, and BIM, and the presence of cleaved forms of BIM, support the role of BH3-only proapoptotic molecules in the increased apoptosis in ELANE-mutant SCN iPSC-derived promyelocytes/myelocytes (Supplemental Figure 8A) . To further examine the role of BCL2 in the survival of ELANE-mutant SCN iPSC-derived promyelocytes,
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corrected expression of NE results in improved survival ( Figure 3 , B and C) and granulocytic differentiation (Figure 3 , D-G). These data resolve the critical role for these ELANE point mutations in the development of SCN-like disease.
ELANE-mutant SCN iPSC-derived myeloid precursor cells contain mislocalized NE.
We interrogated our iPSC models to understand the possible pathobiological mechanisms of disease and to identify targets for intervention. Two hypotheses on how ELANE mutations affect NE have been proposed. In one, mutant NE is mistrafficked, while, in the other, mutant NE misfolds, resulting in activation of the UPR in the ER (16, 17, 29) . We have previously demonstrated that alternative start codons in ELANE result in the translation of multiple peptides, which are susceptible to overwhelm the UPR system and induce ER stress, and in reduced clonogenic capacity of myeloid lineage cells (22) . We analyzed the expression level of UPR pathway genes, and similar to the reports in primary cells, we found an approximately 2-fold increase of mRNA levels of the UPR pathway genes BIP and ATF6 in the ELANE-mutant SCN iPSC-derived promyelocytes, compared with control iPSC-derived cells (Figure 4A ), which were not cor- rected by downstream prosurvival signals from forced expression of Bcl2 and ca-Akt (Supplemental Figure 10, A and B ). This effect happened despite similar levels of expression of NE at mRNA and protein levels, and similar NE proteolytic activity in control and ELANE-mutant SCN iPSC-derived promyelocytes (Supplemental Figure 10 , C-E). Analysis of the cellular distribution in the subcellular compartments of promyelocytes/myelocytes unveiled a punctate and granular distribution of NE in control iPSC-derived promyelocytes/myelocytes. In contrast, the NE was predominantly localized beneath the plasma membrane in ELANE-mutant SCN iPSC-derived promyelocytes/myelocytes ( Figure 4B ). NE was colocalized with BIP in both control and ELANE-mutant SCN iPSC-derived promyelocytes, but there was an approximately 2.5-fold increase in the colocalization coefficient between NE and BIP in ELANE-mutant SCN iPSC-derived promyelocytes ( Figure  4C ), suggestive of improper trafficking of the protein from the ER. The elevated level of BIP mean fluorescence intensity (MFI) ( Figure 4D ) and the colocalization with NE may support a role of ER stress-induced UPR. These data suggest that the 2 aforementioned mechanisms of neutropenia may represent a common phenomenon contributing to SCN pathobiology: the mislocalization of mutant NE, which induces UPR/ER stress.
High dose of G-CSF or lower G-CSF combined with NE inhibition rescues neutrophil maturation.
In most cases, mutant-ELANE SCN patients show a partial response to extremely high doses of G-CSF with an increase in neutrophil count in the PB and reduction of the frequency and severity of bacterial and fungal infections (4). However, frequent administration of high doses of G-CSF does not correct abnormal neutrophil function (3) and has been argued to lead to the development of myelodysplastic syndrome/acute myelogenous leukemia in more than 25% of the treated patients (4, 30) . To examine the effect of high doses of G-CSF in the granulocytic maturation of ELANE-mutant SCN iPSC-derived myeloid progenitors, we added G-CSF to the culture at 1,000 ng/ml during the last 5 days of granulocytic differentiation (as depicted in Figure 1B ). As shown in Figure 5 , A and C, the granulocytic maturation of myeloid progenitors derived from both ELANE-mutant SCN iPSC lines cultured in the presence of a high concentration of G-CSF was rescued with an increase in the neutrophil output and a concomitant decrease in the promyelocytic and myelocytic populations, compared with the granulopoiesis in lower concentrations (50 ng/ml) of G-CSF. Cytospin analysis (shown in Figure 5 , B and D) shows mature granulocytes from cultures containing 1,000 ng/ml G-CSF and only shows immature granulocytic cells when myeloid progenitors are cultured in 50 ng/ml G-CSF. The ELANEmutant SCN iPSC-derived promyelocytes expressed similar levels of NE, retained protease activity, and accumulated in the ER lumen and other cytosolic regions outside the primary granules. We hypothesize that the inhibition of NE activity may ameliorate cell damage associated with mislocalized NE in ELANE-mutant SCN iPSC-derived myeloid precursor cells. Sivelestat (also called ONO-5046) is an NE-specific cell-permeant serine protease inhibitor used in the treatment of acute lung injury. We added sivelestat with G-CSF during the final 5 days of granulopoietic differentiation culture. Differential counts revealed that neutrophil differentiation of ELANE-mutant SCN iPSC-derived myeloid pre- in ELANE result in significant reduction in the expression levels of both CEBPA and CEBPB (33) , as well as LEF1, a putative transcriptional regulator of CEBPA downstream of Wnt/β-catenin signaling (11, 34) . Our data from SCN iPSC-derived granulopoiesis confirmed that the expression of these factors is low ( Figure 5 , E and F, and Supplemental Figure 11 ), but we note that the expression of the CEBPA and CEBPB was corrected in genome-edited iPSCderived granulocytic precursors (Supplemental Figure 12, A and  B) . The addition of a high dose of G-CSF to ELANE-mutant iPSCderived myelopoiesis results in the consistent upregulation of C/EBPβ, along with upregulation of C/EBPα expression, to control levels in granulocytic precursors generated from the SCN14 line but not from the SCN15 line ( Figure 5, E and F) . Interestingly, the addition of sivelestat to granulopoietic cultures restored cursor cells was markedly increased and the frequency of immature myeloid cells (promyelocytes and myelocytes) was drastically decreased in the presence of 50 ng/ml G-CSF in combination with sivelestat ( Figure 5, A-D) . Further, the SCN iPSC-derived cultures with sivelestat also contained mature neutrophils and monocytes, indicating that the block in neutrophil differentiation was eliminated in the presence of sivelestat. CCAAT/enhancer-binding protein alpha (C/EBPα) and its isoform C/EBPβ are crucial regulators of basal and emergent granulopoiesis, respectively (31, 32) . We analyzed the expression levels of these 2 transcription factors to unravel the cellular mechanism behind sivelestat-mediated rescue and to determine whether sivelestat and high-dose G-CSF act through common or different mechanisms. Previous reports suggested that mutations Wright-Giemsa-stained cytospin at the end of the culture in C. (E and F) qPCR analyses of the mRNA for CEBPB (E) and CEBPA (F) in promyelocytes derived from control or ELANE-mutant SCN iPSCs. In A and C, data from 4 independent experiments are plotted as mean ± SD. In E and F, individual data from 2 or more independent experiments with duplicates are plotted as mean ± SD. Scale bars: 10 μm. Cont, control. neutrophils (35, 36) . Normally, NE is synthesized as a transient proform that becomes catalytically active by removal of an N-terminal propeptide after granule targeting (37) . Mislocalization of activated mutant NE has been argued to be pathogenetically implicated in SCN in vitro and in vivo (14, 17, 38) . To determine whether sivelestat may also modify the mislocalization of NE, we analyzed the colocalization of NE with myeloperoxidase (MPO), a bona fide primary granule marker, in the promyelocytes/myelocytes derived from control and ELANE-mutant SCN iPSCs. NE and MPO colocalized in punctate and granular patterns ( Figure 6 , C-E, and Supplemental Figure 13 , A-C) -coinciding in form and shape with the pattern of expression of primary granules -in control iPSC-derived promyelocytes/myelocytes (39) . However, NE expression of CEBPA, which regulates basal granulopoiesis, but did not induce CEBPB expression, which regulates emergency granulopoiesis ( Figure 6 , A and B). Neither treatment modified the levels of CEBPA or CEBPB in normal iPSC-derived promyelocytes (Supplemental Figure 12 , C and D). These results suggest that this pharmacological approach may distinctly rescue basal granulopoiesis in the context of mutant ELANE.
To further delineate the mechanism behind the amelioration of ER stress and the upregulation of prosurvival gene expression, we investigated the cellular localization of NE in the presence of sivelestat. At the promyelocyte stage, NE traffics from the ER lumen and is primarily distributed in the primary granules of promyelocytes and more differentiated granulocytic precursors and granulopoietic defects and progenitor differentiation biases in iPSC-derived myelopoiesis, indicating that the mutations in one allele of ELANE are crucial contributors to the development of the key pathobiological features of this disease. Of course, other modifier genes may ameliorate or worsen the pathobiological features of mutant-ELANE SCN. Second, the deficient survival of granulocytic precursors derived from mutant-ELANE iPSCs depends on functional G-CSF signaling and can be rescued by restoration of deficient downstream Akt/Bcl2 signaling, a common feature in apoptosis induced by ER stress (44, 45) . This finding provides crucial information on the mechanisms controlling survival of diseased granulocytes. Notably, overexpression of activated Akt and downstream Bcl2 cannot increase the lifespan of normal granulocytes (46) , but it does in other pathological situations, like sepsis (47) . Third, high doses of G-CSF result in the amelioration of dysgranulopoiesis, granulocyte precursor survival defects, as previously shown in iPSC-derived granulopoiesis (21) , and of CEBPB expression levels, as shown in primary myelopoiesis from patients (11, 48) . Notably, our data cannot rule out the existence of genes that modify the clinical and biological features of ELANE mutations that would affect the severity of the disease; for instance, such mutations could induce SCN in some patients and cyclic neutropenia in others (6) . NE is a glycoprotein with a single peptide chain of 218 amino acid residues and 4 disulfide bridges. Mutant NE-expressing granulocytic precursors show aberrant expression of NE outside primary granulation, with accumulation in the ER and subcortical intracellular spaces. NE mistrafficking correlates with the accumulation of NE in the ER, which induces stress that can be corrected by the addition of the NE inhibitor sivelestat to cultures of iPSC-derived myelopoiesis. Sivelestat activity is facilitated by a catalytic triad conserved in all serine proteases that consists of His 57, Asp102, and Ser195 residues forming a charge relay system. In NE, the S1 pocket containing the primary sivelestat binding domain is specifically modified, is rather hydrophobic, and has a hemispheric shape, causing the sivelestat to dock to NE with a higher affinity than most other serine proteases (49) . Neither of the 2 mutations analyzed in this study affect the catalytic site, and therefore, the NE activity is unaffected and similar to controls (as shown in Supplemental Figure 10 ). Changes in the S1 pocket structure, as induced by sivelestat (49), may result in increased proton relaxation of residues that are crucial for tertiary structure folding of NE and alternatively translated proteins (22) . Our data demonstrate that both mutations of ELANE result in intracellular mistrafficking of NE and/or alternatively translated proteins, which conserve the C-terminus region recognized by the anti-NE antibody used in our microscopy and immunoblot experiments. In our studies, sivelestat correction of impaired intracellular traffic of NE in ELANE-mutant granulocytic precursors restored CEBPA expression, granulopoietic differentiation, and granulocytic survival at levels similar to those reached by the isogenic correction of the ELANE mutation and, unlike high-dose G-CSF, failed to use the CEBPB expression-associated pathway of emergent granulopoiesis. These data suggest that, in addition to its inhibitory activity, the binding of sivelestat to NE induces conformational changes that prevent its mislocalization and ameliorate ER stress, resulting in restoration of granulocytic precurand MPO in ELANE-mutant iPSC-derived promyelocytes/myelocytes presented a completely different pattern, with abundant NE located outside the primary granules, in subcortical regions without colocalization with MPO. Mislocalization of NE was not modified by the concentration of G-CSF, as no difference was found between promyelocytes/myelocytes from cultures containing 50 ng/ml or 1,000 ng/ml G-CSF (Figure 6, C-E) . Interestingly, the mislocalization of NE is reversed by the addition of sivelestat at levels similar to those reached by the genetic correction of ELANE expression to cultures containing 50 ng/ml of G-CSF (Figure 6 , C-E, and Supplemental Figure 13, A-C) . The addition of sivelestat induced an approximately 3-fold increase in the correlation coefficients of colocalization between NE and MPO in the primary granules of ELANE-mutant-derived promyelocytes at levels similar to those reached by the genetic correction of ELANE expression ( Figure 6 , C-E, and Supplemental Figure 13, A-C) . Furthermore, the addition of sivelestat markedly reduced the mRNA expression level of ER stress-induced UPR pathway genes BIP and ATF6, and of BIP protein expression in promyelocytes/myelocytes derived from ELANE-mutant iPSCs (Supplemental Figure 13 , D-F) at levels similar to those reached by the genetic correction of ELANE expression (Supplemental Figure 13 , G-H). At the same time, sivelestat also increased the survival and, modestly, the cell expansion of SCN iPSC-derived postmitotic granulocytic precursors (Supplemental Figure 14 , A-C) and the expression level of the prosurvival gene BCL2 in the ELANE-mutant iPSC-derived promyelocytes (Supplemental Figure 14D) at levels similar to those reached by the genetic correction of ELANE expression (Supplemental Figure 14E) , indicating that sivelestat ameliorates the ER stress and enhances cellular survival. These results indicate that sivelestat corrects the mislocalization of NE, ameliorates ER stress, reduces the UPR, and upregulates the expression level of CEPBA and BCL2 and the survival of ELANE mutant granulocyte precursors.
Discussion
Animal models and in vitro cultures consisting of cells derived from patients are often used to investigate disease pathophysiology and to develop therapies. Unfortunately, mutant-ELANE knockin mice fail to reproduce the abnormal granulopoiesis, as observed in SCN patients (18, 19) . Moreover, BM cells are not an ideal experimental tool, since it is difficult to obtain sufficient nucleated cells due to the invasiveness of the aspiration procedure in pediatric patients with rare BM-failure syndromes. Moreover, the analysis of pathobiological mechanisms occurring during different stages of granulopoietic differentiation is difficult to address in primary patient samples where most of myelopoiesis is already arrested in the promyelocyte stage.
iPSCs have been shown to be an excellent tool to analyze pathogenetic mechanisms and for drug discovery (40) (41) (42) . The use of iPSCs to address mechanisms of disease in SCN has been documented by our group and other groups (21, 22, 43) . In this report, we first demonstrate that SCN-associated single point mutations in one allele of ELANE are necessary to induce granulopoietic differentiation arrest and apoptosis of granulocytic progenitors and precursors. This model confirms some of the current concepts of pathogenesis induced by heterozygote mutations of ELANE. First, the correction of ELANE mutations corrects jci. (BD Biosciences) and cultured for 24 hours in hES media supplemented with 10 mM ROCK inhibitor Y-27632 (Millipore). After 24 hours, media was changed to RPMI supplemented with l-glutamine, ascorbic acid (50 μg/ml), monothioglycerol (100 μM), BMP4 (5 ng/ ml), CHIR99021 (930 ng/ml), and VEGF (50 ng/ml). Twenty-four hours after media change, CHIR99021 was removed from the culture medium and bFGF was added at 20 ng/ml. On day 3, medium was changed to StemPro 34 (Invitrogen) containing BMP4 (5 ng/ml), bFGF (20 ng/ml), and VEGF (50 ng/ml). On days 4-5, cells were cultured in StemPro34 containing VEGF (15 ng/ml) and bFGF (5 ng/ml). On day 6, media was changed to serum-free SFD media with VEGF (50 ng/ ml), Flt3L (5 ng/ml), SCF (50 ng/ml), and bFGF (50 ng/ml). For days 7-10, cells were cultured in SFD with VEGF (50 ng/ml), Flt3L (5 ng/ ml), SCF (50 ng/ml), TPO (50 ng/ml), and IL-6 (10 ng/ml). Nonadherent cells were collected from the media on days 8-10; stained with the antibodies (all from BD Biosciences) for CD45-PacificBlue (catalog 560367, clone HI30), CD34-PECy7 (catalog 560710, clone 581), CD33-APC (catalog 551378, clone WM-53), and CD43-FITC (catalog 555475, clone 1G10); and FACS analyzed. CFU assays. Progenitor content and activity were evaluated in CFU assays using standard conditions. In brief, 2,500 nonadherent cells were mixed in 1 ml of methyl cellulose semisolid medium containing cytokine mixture (MethoCult H4034 Optimum, StemCell Technologies), and seeded into a 35-mm gridded disc. The disc containing cells in methyl cellulose semisolid medium was incubated at 37°C in a humidified 5% CO 2 incubator. The hematopoietic colonies (CFU-G, CFU-M, CFU-GM, and CFU-Mix) generated were scored at day 14 under an inverted microscope. In order to quantify the number of hematopoietic progenitors at the time of plating, an aliquot of the nonadherent cells from control and SCN iPSCs on day 10 of hematopoietic differentiation was analyzed for CD45 + and CD34 Myeloid cell expansion and granulopoiesis of iPSC-derived hematopoietic progenitors. iPSCs were differentiated into hematopoietic progenitors by 10 days of culture in myeloid expansion medium (IMDM + Ham's F12 at 3:1 ratio) containing 0.5% N2 supplement, 1% B27 supplement without vitamin A, 0.5% human serum albumin, 100 μM monothioglycerol, 50 μg/ml ascorbic acid, 100 ng/ml recombinant SCF, 10 ng/ml IL-3, and 10 ng/ml GM-CSF. The cultures were further differentiated using granulopoietic culture conditions (IMDM + Ham's F12 at 3:1 ratio) containing 0.5% N2 supplement, 1% B27 supplement without vitamin A, 0.5% human serum albumin, 100 μM monothioglycerol, 50 μg/ml ascorbic acid, and 50 ng/ml G-CSF (Neupogen filgrastim) for 5 days. At the granulopoietic differentiation stage, cells were cultured at low (50 ng/ml) or high (1,000 ng/ ml) G-CSF doses. During myeloid expansion and granulopoietic differentiation, cells were cultured in presence or absence of Sivelestat (Sigma-Aldrich) at a concentration of 230 nM (~5 times the IC50 sor survival, granulocyte differentiation, and CEBPA expression. While the precise mechanism of sivelestat remains unknown, it can be postulated that the high-binding affinity of sivelestat for NE (reviewed in ref. 50 ) may result in acting as a pharmacological chaperone with activity on protein folding and proteostasis (51, 52) . In any event, the cellular mechanism used by sivelestat is different from the one employed by high-dose G-CSF. Namely, while high-dose G-CSF induces emergency granulopoiesis through upregulation of C/EBPβ, sivelestat acts directly through the normal granulocytic differentiation pathway, as evidenced by normalization of C/EBPα expression levels. Thus, we propose that SCN disease pathogenesis pivots upon NE mislocalization, which triggers UPR/ER stress and dysfunctional differentiation and survival signaling. Our work provides a paradigm that can be clinically exploited to achieve therapeutic responses by using lower doses of G-CSF in combination with small-molecule targeting to correct NE mislocalization, easing the management of these patients and possibly impacting the probability of these patients to develop clonal evolution and malignant disease.
Methods
Origin of cellular material used for analysis. No clonal cell lines were generated. All the lines used were expected to be polyclonal or, at the very minimum, oligoclonal. One line was generated from each of 2 healthy donors (n = 2) and from each of 2 patients with heterozygote point mutations in exon 3 of ELANE (n = 2) for the experiments described in the study. One noncloned, isogenic CRISPR/Cas9-corrected line was produced per patient-derived parental iPSC line by bulk FACS sorting of EGFP + cells where EGFP expression was used as a reporter of corrected ELANE exon 3 (Supplemental Figure 9C) . A total of 6 lines were studied in this report. No specific selection of clones was used during the process. Generation of iPSCs from healthy donor and ELANE-mutant SCN patient PB MNCs. PB from healthy donors and SCN patients was obtained at Cincinnati Children's Hospital Medical Center through informed consent under an approved institutional review board research protocol. iPSCs were generated from PB MNCs as described (53) . Briefly, PB MNCs were purified from PB by Ficoll separation (GE Healthcare) and plated at 5 × 10 6 cells/ml in X-VIVO 10 (Lonza) supplemented with 10% FCS, SCF (100 ng/ml), TPO (100 ng/ml), IL-3 (100 ng/ml), IL-6 (20 ng/ml), FLT3L (100 ng/ml), and GM-CSF (10 ng/ ml) (all cytokines from PeproTech) in a low-attachment plate (Corning) and cultured at 37°C in 5% CO 2 . After 2 days of culture, cells were transduced with a lentivirus containing OCT4, KLF4, MYC, and SOX2 (54) using polybrene at a MOI of 20-40. Two days after lentiviral transduction, cells were plated onto irradiated mouse embryonic fibroblasts (MEF, GlobalStem) in X-VIVO 10 supplemented with 10% FCS, SCF (100 ng/ml), TPO (100 ng/ml), IL-3 (10 ng/ml), IL-6 (20 ng/ml), and FLT3L (100 ng/ml). After 2 days of culture on MEF, the media was changed to hESC media (DMEM F/12, 20% KnockOut Serum Replacement (KSR, Invitrogen), 1% l-glutamine, 1% NEAA, 0.1 mM β-mercaptoethanol) supplemented with 10 ng/ml bFGF (PeproTech), and a small-molecule iPSC enhancement cocktail containing SB431542 (2 μM, Miltenyi Biotec), PD0325901 (0.5 μM, Cayman Chemical), and Thiazovivin (2 μM, Stemgent). After 10 days, the small molecules were removed and the medium was changed every other day. Once iPS-like colonies were observed, they were plucked and passaged onto fresh jci.org Volume 125 Number 8 August 2015
Recombinant retroviral vector supernatant carrying ca-Akt, murine Bcl2, or empty vector control were added for 8-hour transduction. At the end of transduction, cells were washed and cultured in myeloid expansion medium containing 100 ng/ml recombinant SCF, 10 ng/ ml IL-3, and 10 ng/ml GM-CSF for 4 days. Myeloid precursor cells were analyzed for apoptosis using an annexin V staining kit according to the manufacturer's instructions (BD Pharmingen). Early apoptosis was determined as annexin V-positive events on CD45 + hematopoietic cells after gating out large residual dead (7-AAD + ) iPSCs. Cells expressing CD90.1 were gated and analyzed, as the retroviruses express CD90.1 through internal ribosomal entry site (IRES). Ninety-six hours after transduction, cells expressing CD90.1 were sorted and cultured in granulocyte differentiation medium containing 50 ng/ml G-CSF (Neupogen filgrastim) for 5 days for the cytospin analyses of myeloid differentiated cells. Quantitative PCR. Total RNA was extracted from the promyelocytes derived from control SCN iPSCs, or SCN mutation-corrected iPSCs using RNeasy minikit (QIAGEN) following the manufacturer's instructions, and cDNA was prepared using TaqMan reverse transcription reagent (Roche Applied Science). The mRNA expression levels of Bcl2, BIP, ATF6, ca-Akt, CEBPA, and CEBPB were analyzed by quantitative PCR (qPCR) assay using TaqMan Universal PCR master mix and TaqMan primers for specific genes (Roche Applied Science). The expression level was normalized with the expression of internal control gene GAPDH.
Western blot analyses. Hematopoietic progenitors derived from control or SCN iPSCs were cultured in myeloid expansion medium containing 100 ng/ml recombinant SCF, 10 ng/ml IL-3, and 10 ng/ml GM-CSF for 5 days. Promyelocytes from these cultures were sorted, and protein samples were prepared by lysing them in 1× RIPA buffer containing protease inhibitor cocktail and phosphatase inhibitors. The protein samples were dissolved in Laemmli buffer and electrophoresed through 4%-15% SDS-PAGE gradient gel followed by transfer to PVDF membrane. The membrane was blocked and treated with primary antibodies against NE Chicken IgY (22) Confocal immunofluorescence microscopy. The sorted promyelocytes were cytospun onto Superfrost Plus microscope slides (Fisher Scientific), airdried and fixed in 4% paraformaldehyde for 30 minutes at 4°C, permeabilized with 0.1% Triton X-100 (catalog T9284, Sigma-Aldrich) for 10 minutes, and blocked with 5% normal goat serum for 30 minutes. The slides were stained with primary antibodies anti-NE and the antibodies (from Abcam) anti-MPO (catalog ab134132, clone EPR4793) or anti-BIP (catalog ab21685) at 4°C overnight. They were washed and then treated with secondary antibodies (from Invitrogen) goat anti-rabbit Alexa Fluor 488 (catalog A11034) or donkey anti-chicken IgY Alexa Fluor 568 (catalog A11041) at 1:500 v/v concentration for 1 hour at room temperature. Cells were washed and mounted using Gold Antifade mounting media (catalog P36935, Invitrogen) containing DAPI. The stained cells were analyzed by for NE) (55) . At the end of granulopoietic differentiation, cells were cytospun onto a Superfrost Plus Microscope slide (Fisher Scientific). The cells were Wright-Giemsa stained and then scored for myeloid cell types (promyelocytes, myelocytes, metamyelocytes, bands, neutrophils, and monocytes) using an upright microscope (Motic BA310). For sorting of the promyelocytes, cells at the end of myeloid expansion were stained for CD45-Pacific Blue, CD34-PECy7, CD33-APC, CD11b-APCCy7 (catalog 557754, clone ICRF44, BD Biosciences), and CD15-FITC (catalog 562370, clone W6D3, BD Biosciences). The promyelocytes/myelocyte population (defined as CD45 + /CD34 -/ CD33 + /CD11b -/CD15 dim ) was selected by FACS.
Isolation and transcriptome analysis of myeloid populations isolated from BM-or iPSC-derived cultures. Hematopoietic progenitors derived from control and SCN iPSCs were cultured in myeloid expansion medium containing 50 ng/ml SCF, 10 ng/ml IL-3, and 10 ng/ ml GM-CSF for 5 days. The cells at this point were stained for CD45-Pacific blue, CD34-PECy7, CD33-APC, CD11b-APC-Cy7, and CD15-FITC. 7-AAD was used to eliminate the dead cells. The promyelocytic population (CD45 + CD34 -CD33 + CD11b -CD15
+/lo ) was sorted, and the RNA from control and SCN iPSC promyelocytes was isolated using QIAGEN RNeasy Mini Kit. Transcriptional comparisons with healthy subject-derived iPSC lines (n = 7), mesoderm (first 7 days of the differentiation protocol, as published elsewhere, from 4 healthy subject-derived iPSC lines, n = 4; ref. 24) , sorted BM and iPSC-derived myeloid progenitors (CD45  + CD34   +   CD45RA  + or CD45   +   CD34   +   CD33 + , respectively, n = 2-3 per group), BM promyelocytes (n = 2), and control iPSC-derived promyelocytes (n = 2) were performed. Total RNA was extracted from sorted populations derived from BM or iPSCs using RNeasy Mini Kit (QIAGEN) or TRIzol (Invitrogen) as required for the number of cells available. RNA quality and concentration were measured by Bioanalyzer 2100 using the RNA 6000 Nano Assay (Agilent Technologies). For RNA specimens obtained from fewer than 50,000 cells (sorted BM populations and iPSC-derived promyelocytes and progenitors), a linear amplification sequencing protocol was performed (Illumina). RNA-seq libraries were prepared using the Illumina TruSeq RNA preparation kit and sequenced on the Illumina HiSeq 2000 using single-end 20 million-bp reads. Reads were aligned with TopHat software, using hg19 as the reference genome and mapping reads per kilobase per million mapped reads (RPKM) as output. RPKM were log2-transformed and base-lined to the median expression of the average of each class of samples (iPSC-derived myeloid progenitors, BM progenitor/promyelocytes, iPSCs, and iPSCs differentiated to mesoderm). Differentially expressed genes were identified from a starting pool of all transcripts with more than 3 fragments per kilobase of exon per million fragments mapped (FPKM) in at least 2 of the 9 myeloid samples (12,859 gene-level summarized transcripts). For all these populations, the RNA samples were processed for RNAseq analyses using RNA-seq protocol from NuGEN and Illumina. The amplified products were sequenced to analyze the gene expression profile. All original microarray data were deposited in the NCBI's Gene Expression Omnibus (GEO GSE69622).
Retroviral transduction of hematopoietic progenitor cells. Hematopoietic progenitors (CD45 + CD34 + ) derived from control or SCN iPSCs at day 10 of hematopoietic differentiation were collected and cultured in myeloid expansion medium containing 100 ng/ml recombinant SCF, 10 ng/ml IL-3, and 10 ng/ml GM-CSF for 12 hours, on Retronectin-coated (CH-296, Takara Bio Inc.) nontissue culture dishes. jci.org Volume 125 Number 8 August 2015
Study approval. This study has been performed following Institutional Review Board approval by the Cincinnati Children's Hospital Medical Center, Cincinnati, Ohio, USA; a written informed consent was received from participants prior to inclusion in the study.
